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The process of two-photon absorption 1 ͑TPA͒ has recently been investigated and has been used in a wide range of applications, such as fluorescence microscopy, 2 optical data storage, 3 photopolymerization, 4 and lithographic fabrication. 5, 6 Since light absorption in the TPA process is highly localized at the focal point, it is possible to confine successive chemical or physical reactions in a small volume with high spatial resolution in three dimensions. More recently, by utilizing this property of the TPA process, twophoton-induced reduction of metal ions in a polymer matrix has been investigated extensively because of its potential to create three-dimensional ͑3D͒ metal structures with arbitrary shapes. 7, 8 In those studies, although two-dimensional metal structures in a polymer matrix were obtained, the structures consisted of isolated metal particles and thus did not exhibit electrical conduction. In addition, local heating due to surface plasmon absorption by the deposited metal induced both ablation of the polymer and thermal reduction of metal ions; therefore, the reduction properties, such as the spatial resolution, the surface condition of the metal structure, and the efficiency of the photoreduction, were degraded.
On the other hand, Stellacci et al. reported improved reduction properties in a polymer matrix by chemically modifying metal nanoparticles. 9 They realized electrically conductive silver or gold 3D structures in a polymer matrix, but the resistivity of the metal structure remained high as compared to that of bulk metal. In order to improve the electrical properties of such a metal structure, we recently realized two-photon-induced reduction of metal ions in aqueous solution and demonstrated the fabrication of 3D metal structures with superior electrical conductivity. 10 In this letter, we apply a two-photon sensitive dye in the reduction of silver ions in aqueous solution to improve the reduction properties further.
For all experimental results reported here, a modelocked Ti:sapphire laser system ͑Spectra-Physics, Tsunami͒ with a center wavelength, pulse width, and repetition rate of 800 nm, 80 fs, and 82 MHz, respectively, was used as a light source. The beam from this laser was introduced into an inverted microscope ͑Olympus, IX71͒ and tightly focused into a silver-ion solution placed on a glass cover slip ͑glass substrate͒ with an oil-immersion objective lens ͑60ϫ, numerical aperture= 1.42͒. The focused laser beam was scanned two dimensionally ͑x-y scanning͒ with two-axis galvanometer mirrors. The focused laser beam was also scanned in the longitudinal direction ͑z scanning͒ by translating the objective lens with a computer-controlled motor stage installed in the microscope ͑Chuo Precision Industrial, MSS-FU͒. The intensity of the laser beam and the exposure time were controlled with an attenuator and a computer-controlled mechanical shutter, respectively, and the laser power was measured just before the objective lens. After light irradiation, we rinsed the unexposed solution with ethanol and deionized water and dried the substrate with desiccated nitrogen. The 3D silver structure remained on the substrate.
The silver-ion solution used in our experiments was prepared by mixing 0.2 mol/ l silver nitrate ͑AgNO 3 ͒ aqueous solution with 0.01 wt % coumarin 440 ͑Exciton, Inc.͒ ethanol solution in a 1:1 volume ratio at room temperature. 11 For comparison, we also prepared the silver-ion solution without the dye by mixing 0.2 mol/ l AgNO 3 aqueous solution with ethanol in a 1:1 volume ratio for equalizing the concentration of silver ions. Water is an appropriate solvent of silver salts to suppress local heating because its specific heat, heat of evaporation, and thermal conductivity are larger than those of many other commonly available solvents. The solution had peak absorption and fluorescence wavelengths of 350 and 430 nm due to the coumarin 440. Since the AgNO 3 aqueous solution without the dye is originally colorless, suggesting that its absorption cross section is very small at vis- ible wavelengths, incident light of 800 nm in wavelength is mainly absorbed by coumarin 440 through the TPA process. At the same time, electron transfer from the excited dye to silver ions induces the reduction of the silver ions ͑photosen-sitized reduction͒. In the experiments, when the laser was not mode locked, silver deposition was not observed at any laser power. This indicates that the photosensitized reduction is based on the TPA process, which requires ultrashort laser pulses.
In order to investigate the function of the dye, we fabricated silver dots in the solutions. Figures 1͑a͒ and 1͑b͒ show scanning electron microscopic ͑SEM͒ images of the silver dots fabricated in the solutions without and with the dye, respectively. In the case of the solution without the dye ͓Fig. 1͑a͔͒, a silver dot with a diameter of 3.27 m was obtained with a laser power of 14.97 mW and an exposure time of 400 ms. At laser powers smaller than this value, silver deposition was not observed. With the solution containing dye, on the other hand, the minimum laser power required to deposit silver was dramatically reduced to 1.88 mW and a silver dot of 0.55 m in diameter was obtained. Note that this size is smaller than the diameter of the diffraction-limited focused laser beam spot. As a result, it is evident that the dye plays an important role in the photosensitized reduction. Figure 2 shows the dependency of the diameter of the silver dot on the laser power for the solutions with the dye ͑the solid curves labeled a, b, and c͒ and without the dye ͑the dotted curves labeled d, e, and f͒. The different curves were obtained by changing the exposure time: 400 ms ͑a and d͒, 800 ms ͑b and e͒, and 1200 ms ͑c and f͒. In contrast with the dotted curves, the solid curves show that very low laser power is required to trigger the reduction of silver ions. In addition, the diameters of the silver dots fabricated with the dye ͑the solid curves͒ were smaller than those fabricated without the dye ͑the dotted curves͒ at any laser power for each exposure time. The solid curves in Fig. 2 present two gradients indicating two different mechanisms in the reduction of silver ions; this can be explained as follows. In the higher gradient below 5.0 mW, the silver ions present abundantly inside the laser beam spot are reduced through the photosensitized reduction, and a silver dot grows according to the laser power ͑photon mode͒. This photosensitized reduction enabled us to realize sub-diffraction-limit fabrication, as seen in Fig. 1͑b͒ . At a laser power of about 5.0 mW, the growth of the silver dot slows because of the lack of silver ions in the vicinity of the laser beam spot resulting from the rapid reduction by the high-intensity laser beam irradiation. The saturation diameter of the silver dot around 5.0 mW, which depends mainly on the silver-ion mobility and the exposure time, was 1.69 m at 400 ms, and this value is in good agreement with the theoretical value ͑1.77 m͒ obtained by Fick's first law. 10 However, since a large volume of silver has already been deposited at this stage, local heating occurs due to surface plasmon absorption at a wavelength of 800 nm. 7, 8 As a result, above 5.0 mW, the thermal reduction of silver ions induced by the local heating becomes strong, and the silver dot keeps growing beyond the diameter of the laser beam spot ͑heat mode͒. At this stage, since the input laser power does not excite the dye but mainly heats the solvent, the efficiency of the thermal reduction is lower than that of the photosensitized reduction, which is reflected in the lower gradient above 5.0 mW. On the other hand, in the case of the solution without the dye, it is evident that the thermal reduction is the dominant process in the reduction of silver ions and we could not realize subdiffraction-limit fabrication.
Quenching of the fluorescence of the dye was clearly observed below 5.0 mW. This indicates that photosensitized reduction occurred. Above 5.0 mW, on the other hand, scattering of light and many bubbles associated with the local heating were observed around the deposited silver. These experimental results are in good agreement with the above discussion. Since the growing silver particle drastically accelerates the local heating during the light irradiation, the thermal reduction is difficult to control; therefore, the reduction properties are degraded. The bubbles, which scatter the laser beam and block the diffusion of silver ions, also degrade the reduction properties. However, in the case of the solution with the dye, since some of the laser power that would have been used for local heating is absorbed by the dye, the local heating is weaker than that in the solution without the dye. Addition of the dye therefore enables us to suppress a degradation in quality of the silver structure due to local heating, as shown in Figs. 1 and 2 . Figure 3͑a͒ shows silver wires fabricated with a laser power of 4.32 mW and a scan speed of 50 m / s. As seen in the inset of Fig. 3͑a͒ , the minimum wire width obtained was 400 nm. In addition to the improved reduction properties and spatial resolution obtained using the dye, the electrical properties ͑for example, conductivity͒ of the wires were at least as good as those fabricated without using a dye. 10 Since the solution with the dye was highly reactive, we could fabricate Laser power dependency of the diameter of the silver dots fabricated in the solution with the dye ͑the solid curves labeled a, b, and c͒ and without the dye ͑the dotted curves labeled d, e, and f͒ for different exposure times: 400 ms ͑a and d͒, 800 ms ͑b and e͒, and 1200 ms ͑c and f͒. a large silver structure in short time periods. Figure 3͑b͒ shows a silver mesh with a total size of 120ϫ 120 m 2 fabricated with a total exposure time of 12.15 s and a laser power of 13.66 mW. We believe that it should be possible to fabricate larger structures in less time by combining our method with a laser beam interference technique. 12 When building up an arbitrary 3D silver structure, the local heating is unavoidable because the laser beam must be focused at the surface of the existing silver structure to deposit more silver there. For this reason, addition of the dye is highly effective in improving the quality of the 3D silver structure. Figure 4͑a͒ shows a silver tilted rod fabricated with a laser power of 18.85 mW and a total exposure time of 10.24 s. The length of the rod and the angle relative to the substrate were 34.64 m and 60°, respectively. During the fabrication, we could deposit silver three dimensionally while maintaining a constant angle because of the suppression of the local heating by the dye. We also fabricated a top-heavy silver cup with a laser power of 18.85 mW and a total exposure time of 49.15 s. The height and the top and bottom diameters of the silver cup were 26, 20, and 5 m, respectively. Since the photoreductive reaction above the substrate is susceptible to the conditions in the solution ͑con-vection, turbulence, and so on͒, its efficiency is somewhat low and variable as compared to that at the interface between the substrate and the solution. However, the high reactivity of the solution enabled us to build up solid silver structures efficiently and repeatedly. The strength of the structures produced was sufficient to fabricate a silver cup that could independently stand on the substrate, as seen in Fig. 4͑b͒ .
To achieve the photosensitized reduction in the silver-ion solution, the choice of the dye is critical, and the dye must have the following properties: ͑1͒ it should exhibit reducing properties only in the presence of light irradiation, otherwise undesired reduction of silver ions would occur simply by mixing the dye in the silver-ion solution; ͑2͒ it should be transparent at a wavelength of 800 nm and should have a large TPA cross section; and ͑3͒ it should efficiently reduce silver ions in the excited state. Among commercially available dyes, coumarin 440, which was designed for use in dye lasers, satisfied these requirements and was considered to be the most appropriate dye currently available. In other experiments, similar results were obtained for others dyes, such as coumarin 504, coumarin 515, and stilbene 420, all produced by Exciton, Inc.
The concentration of the dye is also important for the photosensitized reduction. Contrary to our expectations, a higher dye concentration did not produce better results, because excessive dye itself induced the reduction of silver ions without light irradiation. In the case of the coumarin 440 ethanol solution, a concentration of 0.01 wt % was found to be optimal. At this concentration, undesired silver deposition was always avoided, and the photosensitized reduction was clearly achieved.
In conclusion, we demonstrated improved reduction of silver ions in an aqueous solution using a two-photon sensitive dye. The excitation of coumarin 440 through the TPA process allowed a low laser power to trigger the reduction of silver ions, and sub-diffraction-limit fabrication was realized while suppressing local heating. By employing a variety of dyes, we expect to achieve higher controllability and efficiency of the photosensitized reduction, which will allow fabrication of more complicated 3D metal structures. In particular, using other suitable dyes in the coumarin series, we found a similar improvement in the reduction of gold ions in aqueous solution; more details of these experiments will be presented in a future study. Recently, Perry and co-workers developed a dye specially designed for two-photon-induced chemical reactions; 9, 13, 14 this is also a suitable candidate for the two-photon sensitive dye in our technique. 
